As the mining depth increases year by year, the deformation and failure of deep roadway become more and more serious, and new support equipment with high supporting force and yieldable character is quite necessary for mining safety. In this research, a new yielding steel prop with high stable load capacity was introduced, which features sustaining large deformation in the field. Based on principle stress method and elastic-plastic theory, a mathematical model of load capacity was proposed for the new prop. The results show that the stable load capacity of the prop increases linearly with the increase of the effective number of the steel balls. Meanwhile, the stable load capacity of the prop increases initially and decreases afterwards with the increase of the radius of the steel ball. Under the fixed radius of the steel ball, the stable load capacity will increase with the decrease of the gap between the inner tube and the outer tube. The stable load capacity of the prop calculated using the theoretical model quantitatively agrees with that of the experimental tests, with only an error within 5%.
Introduction
Due to the large-scale exploitation in recent years, shallow coal resources gradually decrease and the mining depth increases year by year in China. Currently, most of the Chinese eastern mining areas have entered into a state of deep mining [1] [2] [3] [4] . Affected by the complicated mechanical environment, the geologic mechanical environment of the deep strata is greatly different from the shallow one, which makes the surrounding rock in deep roadways possess some unique properties, such as complexity of stress field, great deformation, and high rheological property [5] [6] [7] . In addition, with the increase in mining depth, ground stress and deformation of surrounding rock in roadways become larger and make it challenging for the support of deep roadway [8] [9] [10] .
With regard to deep roadway support, a great number of scientific researches and experimental work have been done in China [11] [12] [13] [14] [15] [16] . At present, bolt support has caused widespread concern and is widely used in deep mines [17] [18] [19] [20] [21] [22] . However, under the conditions of deep mining, as rocks are broken or loosen with bad bolt ability, the bolt support is difficult to satisfy the requirement of support for deep rock roadway with high stress and large deformation. On the other hand, some special support technologies, such as the large diameter and high stress overlong bolt and bolt-grouting combined support, also cannot be used extensively under such conditions, due to the need of special equipment and technology. Similarly, because of the high support cost, low construction speed, and maintenance difficulty after failure, passive support patterns such as arching and metallic lining cannot satisfy the requirements of support for deep roadway [3, 8, [23] [24] [25] .
As it is known, hydraulic prop is another common support method in roadways of coal mines [26] [27] [28] , whose designed load capacity usually ranges from 200 to 300 kN in China. Due to the high stress conditions in deep mining, unloading of the hydraulic prop often occurs when the roof pressure is beyond its load capacity, which causes serious mining disasters. Besides, the hydraulic prop is a nonyielding design prop, and it cannot fit the large deformation of roof in deep coal mines. Furthermore, the emulsion in prop is discharged directly on the spot, which may pollute the underground water in mining area seriously.
Because of the high stress and large deformation of the surrounding rock masses in deep roadway, new support structures are quite necessary for mining safety. The support structures must not only own high and stable load capacity but also sustain considerable large deformation before yield. Some researcher has proposed some yielding props [29] ; however, theoretical assessment of load capacity of the prop is still not clarified until now, which limits the design and application of the yielding props. In the present study, the structure of a new yielding steel prop was first illustrated. Then, based on the principle stress methodology and elasticplastic theory, mechanical and mathematical models were proposed for the new prop, and the stable load capacity of the prop was evaluated. Finally, experimental tests were conducted to study the response of the new prop and verify the theoretical model.
The Illustration of the New Yielding Steel Prop
The new yielding steel prop was designed, as indicated in Figure 1 , which consists of an outer tube, an inner tube, and lots of steel balls. The inner diameter and the outer diameter of the outer tube are 1 and 1 , respectively. The inner diameter and the outer diameter of the inner tube are 2 and 2 , respectively. In addition, the inner face of the outer tube is partially with a slope whose height is . The steel ball is located between the outer wall of the inner tube and the inner wall of the outer tube. The diameter of the steel ball is selected by
where is the radius of the steel ball. The working mechanism of the new yielding steel prop is that the steel balls gouge the inner and outer tubes, and the prop provides the load capacity by generating plastic yield in the contact area. When the inner tube suffers an increasing load, the axial support load of the prop also increases until the stable load capacity is reached. Initially, the type of contact of steel ball with the inner and outer tubes belongs to pointto-point contact, which generates stress concentration. When the contact stress is higher, the inner and outer tubes undergo plastic yield in the contact area with the steel balls digging into them. It is assumed that each steel ball and inner tube maintain a relatively stable state of motion, and the gouging process of each steel ball is the same, including elastoplastic stress, strain, displacement, and plastic distribution. Because each steel ball makes the same contribution to the load capacity of the prop, the prop can be considered as an axisymmetric structure. Therefore, the working mechanism of one steel ball gouging inner and outer tubes should be made clear, and then the stable load capacity of the whole prop can be estimated.
When the new yielding steel prop suffers from an increasing load, the strained condition of the outer and inner tubes can be divided into four stages, as displayed in Figure 2 . In the initial stage, when the prop does not suffer the load, the prop is under the equilibrium state (see Figure 2(a) ). When the inner tube is loaded, the contact areas between the steel balls with the outer and inner tubes are elastic (see Figure 2(b) ). With the load increasing, plastic deformation begins to take place around the contact areas (see Figure 2(c) ). With the continued increase of the embedded depth of the steel ball, the load capacity of the prop is also increased. Then, the prop reaches the stable load capacity and the inner tube moves downwards continuously (see Figure 2(d) ).
The Load Capacity Model of the New
Yielding Steel Prop
The Mechanical Model of One Steel Ball Contacting with the Inner and Outer Tubes.
To propose a mechanical model of the load capacity for the prop, assumptions that have been adopted are given below.
(1) The material of the prop shows perfectly plastic behavior.
(2) The deformation of the steel balls is neglected. Contact projection area The simplified plane mechanical model of the new yielding steel prop was built as Figure 3 . In Figure 3 , is load capacity of the prop with one steel ball, is the radius of the steel ball, a is axial force, r is radial force, and is the gap distance between the inner and outer tubes.
Under the stable load capacity state, the steel ball has both constant axial and radius forces. The axial force can support the capacity load, and the radius force causes plastic zone on the contact surface of the inner and outer tubes. The specific cross-section of contact area between the steel ball and the inner tube. Δ is embedded depth between the steel ball and inner tube in position in a specific cross-section of contact area, is the projection of the contact area in direction, is the radius of cross-section of the steel ball in position, 0 is the maximum plastic zone depth in direction under the stable load capacity, and and are the normal force and twisting force, respectively.
The mechanical essence of the steel ball contacting with inner and outer tubes is a space axisymmetric elastoplastic contact problem, and the ideal solution is space-solving method. However, due to the complexity of the contact problem, it is difficult for the space problem to obtain an analytical solution using the mathematic solving method. In order to simplify the problem, the elastoplasticity principal stress method is applied here, which can convert space problem to plane problem in the contact area. A specific cross-section parallel with -plane of the contact area between the steel ball and the inner tube is presented in Figure 4 . The stress in a representative element is analyzed. Then, integrating the axial in contact area projection inplane, the stable load capacity of the prop with one steel ball can be obtained as
where is load capacity of the prop with one steel ball, a is axial load of each contact node, and is the contact projection area.
As the gap between the outer and inner tubes is constant, the relationship between and the embedded depth Δ is
where = √ 2 − 2 , ranging from /2 to , and is the gap between the inner and outer tubes.
The maximum embedded depth (Δ max ) is defined as
The Mathematical Model of One Steel Ball Contacting with the Inner and Outer Tubes

The Equilibrium Differential Equation.
Based on the contact mechanics [30] , the analysis of the axial force can follow the example of the expertise theory of the roll [31, 32] .
As the sum of forces in the direction is equal to zero, the equilibrium differential equation of the prop can be defined as
where is the contact location between the steel ball and the inner tube, ( ) is the plastic zone depth of the prop in the Mathematical Problems in Engineering 5 direction, ( ) is the average longitudinal stress in the direction, and ( ) and ( ) are the compressive stress and shear stress along the contact arc length, respectively.
Plastic Yielding Criteria.
It is assumed that the stresses in the direction of all elements are approximately equal:
where cos = / and sin = √ 2 − 2 / . The shear stress decreases linearly along the direction:
The plastic yielding criteria of the element are obtained by Tresca criteria:
From (7), (8), and (9),
Assuming the stresses in the direction are approximately equal; that is,
Substituting (11) into (10),
where ( ) = (sin
Because √ 1 − 2 ≥ 0, the value of is from 0 to 1; then the ( ) ranges from /4 to 1. Therefore, (12) is approximately rearranged as
The Plastic Zone Depth in the
Direction. As the deformation of the steel ball is negligible and the shape of the ball remains constant, in the contact area, the plastic zone depth of the inner tube in the direction can be defined as
where 0 is the maximum plastic zone depth in the direction under the stable load capacity, which will be determined in the following section by numerical simulation.
The Equation of the Stable Capacity
Load. Substituting (13) into (6), (6) can be arranged as
In the region of contact area between the steel ball and the inner tube, the frictional traction is related to the pressure by the coulomb law:
where is the frictional coefficient of the contact surface. Based on the geometric relationship among , , and ,
Then, according to (14) , (16), and (17), the partial differential equation of ( ) can be replaced by ( , ). So the component of each node for the axial force can be calculated as
Consequently, integrating (17) , the axial force of one steel ball gouging the inner tube can be written as
Boundary Conditions.
The displacement boundary conditions are
The stress boundary conditions are
And, the range of contact area in -plane is
The Solution of the Load Capacity Model.
To get the numerical implement of stable load capacity, the value of ( ) should be determined firstly. Based on (15), ( ) is determined by , , , s, and 0 , and all parameters except 0 could be selected positively. The parameter 0 is related to the maximum embedded depth of the steel ball gouging into the inner and outer tubes Δ ; however, it is difficult to get an analytical relation for 0 . We investigate the relationship between Δ and 0 via numerical simulation in this section. 0 . We study the contact problem between the steel ball and the tube using finite element method. The simulation model is shown in Figure 5 . In the model, a plain stress condition is adopted. According to the former assumptions, the steel ball is indeformable, and the material of prop has perfect plastic character. In the model, the steel ball radius and the gap between the inner and outer tubes are 2.5 mm and 1 mm, respectively. The wall thickness of the inner tube is 10 mm. To eliminate the boundary effect, the length of the inner tube is 100 mm. The inside of the inner tube is fixed, and the other boundaries are free. According to (3), the maximum embedded depth is 2 mm. So, the displacement of steel ball in direction is prescribed as 2 mm.
The Determination of
The property parameters used in the simulation are listed in Table 1 . Figure 6 shows the simulation results for the plastic area evolution as the steel ball gouging inner tube. It is clear that the plastic zone depth increases as the steel ball is digging into the prop.
The relation between the maximum plastic zone depth of the inner tube and embedded depths of steel ball is presented in Figure 7 . It shows that the maximum plastic zone depth of the inner tube increases with the embedded depth of steel ball. With the increase of the embedded depth of the steel ball, the increase rate of the maximum plastic zone depth decreases.
The Theoretical Calculation Results of the Stable Load
Capacity. Combining (14) to (19) with boundary conditions from (21) to (23) 
Discussion on the Factors Affecting the Load Capacity of the Prop
The Steel Ball Number.
If the steel balls are tightly placed around the gap between the inner and outer tubes, the plastic regions induced by the balls may overlap with each other and increase the plastic zone depth of inner tube in the direction. In addition, if the balls contact with each other, the radius force on the inner tube is decreased, and so does the plastic zone depth in the direction. Both of the two factors influence the stable load capacity. Therefore, there should be an optimal distance between each ball, which can overcome the ball contact and plastic area superposition problems. This has already been investigated by the numerical method. The Table 2 : Property and geometry parameters of the model.
Parameters Value
Radius of steel ball ( /mm) 2.5
The outer diameter of the inner tube ( 2 /mm) 90
The inner diameter of the inner tube ( 2 /mm) 70
Young's modulus of inner tube ( 1 /GPa) 210
Poisson model is shown in Figure 8 . The geometry parameters of the model are illustrated in Table 2 . The range of plastic region caused by the interaction of one steel ball and the inner tube is shown in Figure 9 .
Therefore, the maximum effective number ( ) of the steel balls can be calculated as
where is the radius angle corresponding to plastic field generated by the interaction between one steel ball and inner tube. In this case, the value of is approximately 12 ∘ . According to (23) , the maximum effective number of the steel balls is 30.
In summary, the total stable load capacity of the prop with multiple steel balls is
where is the total stable load capacity of the prop, is the effective number of steel balls, and is the stable load capacity with one steel ball got previously. It is obviously seen that the total stable load capacity of the prop increases linearly with the increase of the effective number of the steel balls, and the prop reaches the maximum stable load capacity under the maximum effective number of the steel balls. 
The Radius of the Steel Ball and the Gap between the
Inner and the Outer Tube. According to the previous results, when the gap between the inner tube and the outer tube is fixed, the load capacity of the prop with one steel ball increases and the effective number of steel balls decreases with the increase of the radius of the steel ball. Based on (24), the total stable load capacity of the prop is nonmonotonic variation. Figure 10 shows that relation between the radius of the steel ball and the stable load capacity of the prop. From the figure, it is seen that the stable load capacity of the prop increases initially and decreases afterwards with the increase of the radius of the steel ball. On the other hand, under the fixed radius of the steel ball, the stable load capacity will increase with the decrease of the gap between the inner tube and the outer tube. Therefore, after the material of the steel ball and the prop is fixed, the maximum load capacity can be obtained by changing the values of the radius of the steel ball and the gap between the inner tube and the outer tube.
Stability Analysis of the New Yielding Steel Prop
For a yielding prop, the critical buckling load must be at least 20% higher than the stable load capacity to prevent premature failure [29] ; it could be calculated by
where cr is the buckling load of the prop. The maximum support height (mm)
Designed stable load capacity (kN) Figure 11 : The relation between the maximum support height and the designed stable load capacity.
Based on Euler's formula [33] , the maximum support height under stability condition is
where cr is the critical buckling load of the yielding steel prop, is Young's Modulus of prop material, is the maximum support height of the prop, and is the length coefficient; in this case, the value is one, and is crosssectional area moment of inertia of the inner tube, which is calculated as = (
Based on (25) , (26) , and (27) , the maximum support height under the designed stable load capacity can be determined, as shown in Table 3 and Figure 11 . It can be seen that the maximum support of the prop height is power function decrease with the increase of the designed stable load capacity.
Experimental Study
Test Method.
In order to verify the proposed theoretical model, a series of tests were conducted in the laboratory. The testing system was NSY500 stress testing machine, as shown in Figure 12 . The specific parameters for the testing machine are as follows:
(1) The maximum size of the specimen is 500 mm × 500 mm × 3000 mm.
(2) The maximum axial load is 5000 kN.
(3) The single maximum load displacement is 300 mm.
(4) The total maximum load displacement is 4500 mm.
The configuration of the prop during the test is indicated in Figure 13 . The property and geometry parameters of the prop specimens are listed in Table 4 .
Test Results.
The load-displacement curves were obtained as shown in Figure 14 . In the figure, the four loaddisplacement curves illustrate the movement process of new yielding steel prop. Before reaching the stable load capacity, the load is approximate linear growth with the displacement. Moreover, with more effective number of steel balls, the prop has the more rapid speed to reach its stable load capacity. Specifically speaking, when the number of the balls is 30, the prop reaches its stable load capacity after deforming for approximately 25 mm; on the other hand, when the number of the balls is 4, the prop achieves the stable load capacity after deforming for about 175 mm. The result also indicates that the inner tube had experienced a linear elastic and elastic-plastic behavior, and the movement process obtained by tests agreed well with the analysis shown in Figure 2 .
Comparisons of the stable load capacity obtained from theoretical model and the tests are given in Table 5 . It is seen that the relative error is less than 5%, which indicates that the theoretical model of the stable load capacity for the prop is effective.
Conclusions
Based on the results of theoretical analysis and numerical simulation, the mechanical and mathematical models of the stable load capacity for the new yielding steel prop were proposed, and a series of tests were carried out to verify the calculation results. The following conclusions can be drawn:
(1) The working mechanism of the new yielding steel prop is that the steel balls gouge both inner and outer tubes, by generating plastic deformation to support the load. Comparing with hydraulic prop, high and stable load capacity of the yielding steel prop can be achieved. (2) It shows that the maximum plastic zone depth of the inner tube increases with the embedded depth of steel ball. With the increase of the embedded depth of steel ball, the increase rate of the maximum plastic zone depth will decrease.
(3) The stable load capacity of the prop increases linearly with the increase of the effective number of the steel balls, and with more effective number of steel balls, the prop will have more rapid speed to reach its stable load capacity. It can be seen that the maximum support height of the prop is power function decrease with the increase of the designed stable load capacity.
(4) The stable load capacity of the prop increases initially and decreases afterwards with the increase of the radius of the steel ball. For the fixed radius of the steel ball, the stable load capacity will increase with the decrease of the gap between the inner tube and the outer tube.
(5) Comparing the stable load capacity of the prop specimens by testing machine and theoretical model, it is seen that the relative error of tested and calculated results is less than 5%. It indicates that the theoretical model of the stable load capacity of prop is proved.
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